We study the sensitivity of testing the anomalous gauge couplings g HV V 's of the Higgs boson in the formulation of linearly realized gauge symmetry via the processes γγ → ZZ and γγ → W W W W at polarized and unpolarized photon colliders based on e + e − linear colliders of c.m. energies 500 GeV, 1 TeV, and 3 TeV. Signals beyond the standard model (SM) and SM backgrounds are carefully studied. We propose certain kinematic cuts to suppress the standard model backgrounds. For an integrated luminosity of 1 ab −1 , we show that (a) γγ → ZZ can provide a test of g Hγγ to the 3σ sensitivity of O(10 −3 − 10 −2 ) TeV −1 at a 500 GeV ILC, and O(10 
I. INTRODUCTION
Probing the mechanism of electroweak symmetry breaking (EWSB) is one of the most important tasks at TeV-scale colliders. The direct search in the CERN LEP experiments for the Higgs boson, which is related to EWSB and mass generation as predicted in the standard model (SM), sets a lower bound on its mass m H > 114. 4 GeV [1] . The precision electroweak data favors a light Higgs boson with a mass m H ≤ 186 GeV at 95% C.L. [1, 2] . It has been shown that convincing evidence for a SM-like Higgs boson would be discovered at the CERN Large Hadron Collider (LHC) [3] and be studied in great detail at e + e − International linear colliders (ILC) [4] . Once a Higgs boson is found at TeV-scale colliders, it is of fundamental importance to check if the Higgs boson is SM-like by studying its couplings to the SM particles. Primarily due to the "naturalness" argument [5] for a light Higgs boson, it is widely believed that physics beyond the SM must exist at a scale Λ near the order of TeV. In particular, if there are no new light particles observed other than the Higgs boson in the next generation collider experiments, it is even more pressing to determine the Higgs boson couplings as accurately as possible to seek for hints for new physics beyond the SM.
To extend the structure of the SM in a model-independent approach, it is customary to formulate new physics effects by linearly realizing the gauge symmetry [6, 7] . After integrating out heavy degrees of freedom at the scale Λ, the leading effects at low energies can be parameterized by the effective
where f n 's are dimensionless "anomalous couplings", and O n the gauge-invariant dimension-6 operators, constructed from the SM fields. If Λ appropriately parameterizes the new physics scale (such as the mass of the next resonance), then one would expect f n 's to be of the order of unity. The anomalous couplings of the Higgs boson and gauge bosons are of special interest since they may be directly related to the mechanism of EWSB. Theoretical studies of testing the anomalous gauge couplings of the Higgs boson already exist in the literature for the LHC [8] [9] [10] [11] [12] , and for the ILC [13] [14] [15] . In this paper, we extend the literature by performing a systematic study of testing the anomalous gauge couplings of the Higgs boson at polarized and unpolarized photon colliders based on e + e − linear colliders of various energies. We consider the processes γγ → ZZ, γγ → W W W W.
We show that a photon collider can be more beneficial, and the sensitivity to the couplings can be improved over the current results from other colliders.
This paper is organized as follows. In Sec. II, we review the operators for the anomalous gauge couplings of the Higgs boson and present the current constraints on them. In Sec. III, we summarize the backscattered photon spectrum adopted in our calculations, and give a brief sketch for calculating the cross sections at the polarized and unpolarized photon colliders based on the e + e − linear colliders.
Secs. IV and V are the studies on the γγ → ZZ and γγ → W W W W processes, respectively. The summary of the results is given in Sec. VI.
II. ANOMALOUS GAUGE COUPLINGS OF THE HIGGS BOSON
In the formulation of linearly realized gauge symmetry, the C and P conserving dimension-6 effective operators of our current interests involving the SU (2) gauge field W i µ , the U (1) gauge field B µ as well as a Higgs doublet Φ are given by [6, 7, 15] O BW = Φ †B µνŴ µν Φ,
whereB µν andŴ µν stand forB
in which g and g ′ are the SU (2) and U (1) gauge couplings, respectively.
Precision electroweak data and the measurements of the triple-gauge-boson couplings give considerable constraints on some of the anomalous couplings f n /Λ 2 in Eq. (1) [12, 14, 15] . For instance, the oblique correction parameters S and T [16] give rise to rather stringent constraints on the anomalous coupling constants f BW and f Φ,1 in Eq. (2) [12, 15] . The 1σ and 2σ contours for f BW and f Φ,1 from the updated experimental values of S and T are given in Ref. [12] . Assuming either f BW or f Φ,1 dominance, the 2σ constraints obtained are quite strong [12] , −0.07 < f BW (Λ/TeV) 2 < 0.04, −0.02 < f Φ,1 (Λ/TeV) 2 < 0.02.
The next two operators in Eq. (3) are purely Higgs boson self-interactions, and lead to corrections to the Higgs triple and quartic vertices. They have been dedicatedly studied in [14] Precision EW fit [12] :
Triple gauge coupling [15] 
LEP2 Higgs searches [8] :
Unitarity (at √ s=2 TeV) [17] :
It is perhaps more intuitive to express the new operators in terms of couplings of the explicit physical component fields. Taking into account the mixing between W 3 µ and B µ , the effective couplings of the Higgs boson H and the electroweak gauge bosons V (V = γ, W ± , Z) in Eqs. (1) and (4) can be cast into [15] 
HZγ HA µν Z µν + g
(1)
HZZ HZ µν Z µν + g
HW W (W
HW W HW
where the anomalous couplings g HV V 's (of dimension −1) are related to those Lagrangian parameters f n 's by
HZZ = −α
HW
with the weak mixing s ≡ sin θ W , c ≡ cos
Roughly speaking, an order unity coupling of f n translates to g
HV V ∼ 1/(20 TeV)=0.05 TeV −1 . Since new physics responsible for the mechanism of the EWSB is more likely to show up with the Higgs couplings to gauge bosons, these couplings should be tested as thoroughly as possible at future high energy colliders [8] [9] [10] [11] [12] [13] [14] [15] . At the LHC, it is shown in Ref. [12] that the most sensitive constraints on f W /Λ 2 and f W W /Λ 2 will be from the measurement of the gauge-boson scattering
The 2σ level constraints obtained on these two anomalous couplings are
which may reach the parameter regime sensitive to TeV-scale new physics. Those processes are insensitive to f B /Λ 2 and f BB /Λ 2 however [12] . At e + e − linear colliders on the other hand, the anomalous couplings g
HZZ and g
HZZ can be constrained at the 2σ sensitivity to (10 −3 − 10 −2 ) TeV −1 from the Higgs-strahlung process e + e − → Z * → ZH [13] .
We will see in the later sections that, at photon colliders, the sensitivities to probe those couplings can be improved.
III. BACKSCATTERING PHOTON SPECTRUM AND GAUGE-BOSON PROUCTION
By means of laser backscattering, a photon collider [18, 19] can be built on an e + e − linear collider.
Let m e and E e be the incident electron mass and energy, respectively; ω 0 and ω be the laser photon and the backscattered photon energies, respectively; √ s be the e + e − center-of-mass energy; √ŝ be the center-of-mass energy of the backscattered photon; and M V be the mass of the produced weak gauge boson. For an unpolarized photon collider, the cross section σ(s) for the production of 2n weak gauge bosons at the photon collider can be obtained by convoluting the subprocess cross section σ(ŝ) with the photon luminosity at an e + e − linear collider where x max = ω max /E e , and dL γγ /dz is the photon luminosity defined as
The energy spectrum F γ/e (x) of the backscatterred photon at an unpolarized photon collider is given by [18] 
where ξ = 4E e ω 0 /m 2 e , and x = ω/E e is the energy fraction carried by the backscattered photon. F γ/e (x) vanishes for x > x max = ω max /E e = ξ/(1 + ξ) . In order to avoid the creation of e + e − pairs by the interaction of the incident and backscattered photons, we require ω 0 x max ≤ m 2 e /E e which implies ξ ≤ 2 + 2 √ 2 ≈ 4.8 . For the choice of ξ = 4.8 , we obtain
We will take these values for the unpolarized spectrum in our numerical calculations unless stated otherwise.
As for a polarized photon collider, let P c be the polarization of the initial laser, λ e the polarization of the electron beam, the energy spectrum of the backscattered photon beam is
It is shown in Ref. [20] that the energy spectrum of the colliding photons peaks in a narrow region near the high energy end (80% of the electron energy) if 2λ e P c = −1, as demonstrated in Fig. 1(a) by the solid curve. polarizations. The solid curve is the preferred choice in terms of the energy spectrum and it is also desirable that it yields almost purely right-handed polarized beam near the peak x ∼ 0.8.
After integrating over the azimuthal angles, the differential cross section can be expressed as [20] dσ(ŝ)
where M σ 1 σ 2 are the helicity amplitudes for two photons with helicity σ 1 , σ 2 , and dP S n the n-body phase space element. ζ 2 andζ 2 are the Stokes parameters [20] for the two colliding photon beams
,
andζ 2 is of the same form for the other photon.
We are considering the anomalous gauge couplings with the existence of a light Higgs boson. For definitiveness, we will take its mass to be in the range 115 GeV ≤ m H ≤ 300 GeV.
When searching for anomalous HV V couplings, we consider the signal as the excess or deficit from the SM prediction. The backgrounds are the SM expectation corresponding to f n /Λ 2 = 0. We thus define the background cross section σ B and the signal cross section σ S by
With the corresponding background and signal event numbers N B and N S , the statistical significance σ stat is defined by
In the following numerical calculations, we take the integrated luminosity of an e + e − collider to be Ldt = 1 ab −1 , which corresponds to about a two-year run at 0.5 TeV and 1 TeV for the International Linear Collider (ILC) roughly estimated from the TESLA Technical Design Report [22] , and about a 1-year run at 3 TeV for the CERN Compact Linear Collder (CLIC) [23] .
IV. SENSITIVITY TO THE ANOMALOUS COUPLINGS FROM γγ → ZZ
When considering gauge boson pair production at a photon collider to probe the EWSB beyond the SM, as pointed out in Ref. [24] , the γγ → W + W − process suffers from a large tree-level SM background, while γγ → ZZ is free from tree-level SM backgrounds. We therefore concentrate on this process in this section. 
HZZ .
With the anomalous Hγγ coupling, the signal process γγ → ZZ can formally have a tree level contribution shown in Fig. 2 , in which the vertex with a circle contains only the anomalous Hγγ interaction with the coupling g Hγγ , and the vertex with a black dot contains the SM interaction as well as the anomalous HZZ interactions with the anomalous coupling g
HZZ . Our calculation shows that, for reasonable values of g (1) HZZ and g (2) HZZ and center of mass energy, the contribution of the anomalous HZZ interactions to the cross section is only a few percent relative to the SM contribution. Therefore the process γγ → ZZ mainly tests the anomalous couplings g Hγγ which is 
GeV. The symbol + labels the photon helicity, and the symbols ++, LL and ++, T T stand for
The curves with f /Λ 2 = 0 are the SM backgrounds.
that the signal process is via an s-channel scalar exchange, so that only the two photons with same helicities contribute, while the leading SM backgrounds come from one-loop box diagrams and thus are of all partial wave contributions [25] . In our background calculations, we take m t = 174 GeV.
A. The case of polarized photon colliders
As noted above, the like-sign helicities for the two photon beams are preferred by the signal. We thus 
as functions of the collision energy E γγ for m H = 115 GeV. The cross section for Z L Z T is so small that we have ignored it.
We first look at the SM cross sections for longitudinally and transversely polarized ZZ labeled by
is dominantly from the W ± -loop diagrams [25] is very close to the SM cross section σ(+ + T T, f /Λ 2 = 0). This means that the signal cross section (18) is negligibly small. The signal of f /Λ 2 = 0 is thus dominated by the ++LL channel. Due to the momentum dependence of the longitudinal polarization vector, the anomalous coupling f /Λ 2 = 0 causes extra energy-dependence of σ(++LL, f /Λ 2 = 0) [12] . We see that σ(++LL, f /Λ 2 = 0) increases rapidly with E γγ (below the new physics scale Λ), and it becomes larger than the SM cross section σ(++LL, f /Λ 2 = 0) at high energies. considered above, there is also SM backgrounds σ(± ∓ T T, f /Λ 2 = 0) from γ ± γ ∓ collisions, which are comparable to the σ(+ + T T, f /Λ 2 = 0) [25] . Over all, we see that the SM background is substantially larger than the signal except at very high energies. Thus we need to develop suitable kinematic cuts to suppress the SM backgrounds, as we discuss next.
Our first cut is for suppressing the γ + γ − contribution. We know that the colliding photon energy will peak around 80% of the e + e − colliding energy with a tail in the low energy region if we take the polarization satisfying 2λ e P c = −1 [cf. FIG. 1(a) ] [20] . The corresponding ω/E e distribution of the mean helicity λ r of the colliding photon for various polarizations has been given in Ref. [21] which is shown in Fig. 1(b) . We see from curve a in Fig. 1 (b) (2λ e P c = −1) that the mean helicity is nearly λ r ≈ +1 in the region 0.65 < ω/E e < 0.8. Therefore we can envision to impose this condition to strongly suppressed the background. In FIG. 4(a) , we plot the M ZZ distribution for the signal Therefore we impose −0.5 < cos θ Z < 0.5.
We find that, after this cut, σ(T T, f /Λ 2 = 0) is reduced from 72 fb to 16 fb, while σ(LL, f /Λ 2 = 2 TeV −2 ) changes from 20 fb to 9 fb.
It is known that the angular distribution for a fermion from Z decay goes like
where θ f is the polar angle for a final state fermion f in the rest frame of Z with respect to the Z momentum direction in the center of mass frame of ZZ. We thus propose a third cut
In the example of √ s ee = 1 TeV, this cut reduces the background cross section from 16 fb to 3.5 fb, while it reduces σ(LL, f /Λ 2 = 2 TeV −2 ) from 9 fb to 5 fb. To measure the effectiveness of our cuts, we define a double-ratio
The larger the value of this ratio is, the more effective the cuts are in terms of the signal enhancement over the background suppression, The effects of the three cuts are summarized in TABLE II for √ s ee = 1 and 3 TeV.
Next we consider the actual detection of the final state Z bosons via the decay products. We only consider the fully reconstructable modes Z → ℓ + ℓ − (ℓ = e, µ) and jj, with branching ratios [1]
For the two final state Z bosons, we can have the pure leptonic modes ZZ → ℓ + ℓ − ℓ + ℓ − , semi-leptonic modes ZZ → ℓ + ℓ − jj, and the hadronic modes ZZ → jj jj. We require the reconstruction of Z bosons by the invariant mass of the decay products M Z ≈ M (ℓ + ℓ − ), M (jj). For the hadronic mode, some care needs to be taken due to the potentially large background γγ → W + W − → jjjj. It has been emphasized that it is important for the detector to be able to distinguish the hadronic decays of the Z and W from their mass reconstruction [27] . As a conservative estimate for the reconstruction efficiency, we include another factor 50% for the ZZ hadronic modes. Then the total detection efficiency for the final state ZZ under consideration is
For comparison with the LHC results of Ref. [12] , we make the same assumption f BB /Λ 2 = f W W /Λ 2 ≡ f /Λ 2 for illustration. The event rates can be calculated using Eqs. (15) (20), (21) and (22) imposed, (b) for m H = 300
GeV at a √ s ee = 500 GeV polarized ILC (solid curve) and a √ s ee = 380 GeV polarized ILC (dashed curve) without imposing the cuts (20) , (21) and (22) . This 2σ constraint on g Hγγ is comparable to those in the literature [13] from the other processes.
From the results in Ref. [12] we can see that the 2σ (3σ) constraints on f W W /Λ 2 and g Hγγ obtained from W + W + scattering at the LHC are
Comparing with our results in Eq. (25) for γγ → ZZ, we see that the upper bound would be improved (20), (21) and (22) obtained from the results of W + W + scattering at the LHC in Ref. [12] , the present sensitivities at √ s ee = 1 TeV and √ s ee = 3 TeV are improved by roughly a factor of 5 and 24, respectively.
B. The case of unpolarized photon colliders
The production cross section at the unpolarized photon colliders can be calculated with Eq. (8).
In the unpolarized case, the colliding photon energy distribution E γγ is less sharply peaked as seen in FIG. 1(a) . This reduces the sensitivity with respect to the polarized case. The calculated results for m H = 115, 130, 200, 300 GeV at the √ s ee = 500 GeV ILC, the 1 TeV ILC, and the 3 TeV CLIC with the same cuts (20) , (21) and (22) (20), (21) and (22) 
These sensitivities are lower than those in Eq. (25) 
These are lower than that in the polarized case [cf. Eq. (30)] by roughly a factor of 1.4.
We conclude that suitable polarization of the photon collider does increase the testing sensitivities relative to the unpolarized case by roughly a factor of 1.2 − 1.4.
V. SENSITIVITY TO THE ANOMALOUS COUPLINGS FROM γγ → W W W W
In order to avoid the large SM background in γγ → W T W T , Z T Z T , it was suggested in Refs. [28, 29] to make use of the processes γγ in FIG. 8(e) and 8(f) . Since these terms contain higher powers of the weak interaction coupling constant g, their contributions are much smaller than those from FIG. 8(a)−8(d) .
For the detection of the four final state W bosons, we take the hadronic decay mode W → jj. Let θ be the angle between two jets. Experimentally, the two jets can be resolved when cos θ < 0.8 [31] .
At high energy linear colliders, the W momenta are higher and consequently the two jets from the decay of a W boson are collimated along the W moving direction, so that the condition cos θ < 0.8 can hardly be satisfied. However, we can still reconstruct the W boson by all the hadronic decay products in this wide jet to form a correct mass M W . For distinguishing two of the final state W bosons, we require the isolation between any two jets from the i-th and j-th W -boson decays to satisfy
Here we approximately take the quarks from the W decays as the jets without performing hadronization and detector simulation. It turns out that the requirement (35) slightly improve the signal to background ratio. When estimating the detection efficiency, we take again a safety factor 50% for distinguishing the final state W bosons from Z bosons. We also take the integrated luminosity of 1 ab −1 to estimate the numbers of events.
We first note that for the √ s ee = 500 GeV ILC, the effective colliding photon energy is typically less than 400 GeV, so that the γγ → W W W W process experiences severe phase space suppression and yields only a few events with 1 ab −1 luminosity. We will not pursue this case further. Obviously, one would like to consider a higher energy reach for a more favorable kinematics for the 4-W production. This leads us to look at the case of the 3 TeV CLIC. Unlike the cases of the 500
GeV and 1 TeV ILC, for the case of f W W /Λ 2 dominance it is possible to impose certain kinematic cuts to further improve the signal to background ratio effectively at this energy. To see this, we divide the four final state W bosons into two groups according to their transverse momenta P T . We denote the two W bosons with higher P T by W h1 and W h2 with P T (W h1 ) < P T (W h2 ), for example the two scattered W bosons in the central rapidity region as in FIG. 8(a) , and denote those two with lower P T by W l1 and W l2 with P T (W l1 ) < P T (W l2 ), for example the two spectator W bosons in FIG. 8(a) . We first study the energy distributions E W h1 and E W l1 for f W W /Λ 2 = 0 (SM) and f W W /Λ 2 = 0 in FIG. 11 . We see the differences between the f W W /Λ 2 = 0 and the SM background distributions. The harder distributions for the signal motivate us to impose the following cuts
to effectively suppress the SM background. We next introduce the transverse momentum difference
In FIG. 12, we plot this variable ∆P T (W h1 W h2 ) and the invariant mass M W h1 W h2 of the higher P T W -pair for f W W /Λ 2 = 1.5 TeV −2 and f W W /Λ 2 = 0 (SM). We see that the cuts
can help improve the signal to background ratio.
We now examine the transverse momentum and the rapidity distributions. Denote the larger and smaller absolute rapidities of W h1 and W h2 by y > (W h ) and y < (W h ), respectively. FIGURE 13 shows the P T (W h1 ) and y > (W h ) distributions for f W W /Λ 2 = 1.5 TeV −2 and f W W /Λ 2 = 0 (SM). We see that the cuts
can further improve the signal to background ratio. FIGURE 14 plots the y > (W l ) and y < (W l ) distributions for the f W W /Λ 2 = 1. Finally, we plot the p T (W l2 ) and P T (W l1 ) distributions for f W W /Λ 2 = 1.5 TeV −2 and f W W /Λ 2 = 0 (SM) in FIG. 15 , which suggest the following optimal cuts both P T (W l2 ) and P T (W l1 ) > 100 GeV,
With the imposed cuts (36) − (41), the SM background can be effectively suppressed. The ef- GeV is similar, while that for m H = 300 GeV is significantly better just as in the case of γγ → ZZ. 2σ :
We note that although the sensitivities in the polarized and unpolarized cases are similar, they are about a factor of 6 and a factor of 3.6 more sensitive than the corresponding sensitivity |f W W /Λ 2 | ≤ 2.9 TeV −2 obtained from W + W + scattering at the LHC [12] . One can translate the above bounds into the corresponding sensitivities on g
HV V : polarized :
HW W < 0.011 TeV
HW W < 0.021 TeV
HZZ < 0.008 TeV
HZγ < 0.006 TeV
HZγ < 0.004 TeV −0.012
HZZ < 0.009 TeV
HZγ < 0. 
HZZ < 0.012 TeV
HZγ < 0.008 TeV
HW W < 0.042 TeV
HZZ < 0.016 TeV
HZγ < 0.011 TeV
The sensitivities in (43) and (44) are of the same order of magnitude but somewhat weaker than that for g Hγγ in (30) and (33) as from the process γγ → ZZ. However, the process γγ → W W W W contains information of couplings g HV V 's as seen in (43) FIG. 16 ). This is because that the SM background is more similar in size to the signal in the this case. Based on FIG. 17 , we obtain the 2σ and 3σ bounds polarized :
2σ :
Compared with the 3σ sensitivity obtained from W + W + scattering at the LHC [12] , the present result in the polarized case is slightly improved, while that in the unpolarized case is a little less sensitive.
As we have seen before, the sensitivity in the polarized case is a factor of 1.5 better with respect to the unpolarized case. The results again can be translated into sensitivities for g 
HW W < 0.039 TeV −1 , −0.078 TeV −1 < g
HW W < 0.12 TeV −1 , HV V for the coupling f W W /Λ 2 , while it only provides a test of the coupling f W /Λ 2 with similar sensitivity to those obtained from W + W + scattering at the LHC [12] .
VI. SUMMARY
Once a light Higgs boson is discovered at the LHC and the ILC, an immediate question is whether it is the SM-like or not. Measuring the anomalous couplings of the Higgs boson may provide an answer. So far, the most sensitive way of measuring the anomalous gauge couplings of the Higgs boson at the LHC is via W + W + scattering [12] . In this paper, we have given a systematic study of the sensitivity of testing the anomalous gauge couplings g The process γγ → ZZ provides a sensitive test of the anomalous coupling g Hγγ . The kinematic cuts we proposed are (20) , (21) and (22), which effectively suppress the SM background. At the 500 GeV ILC, the obtained result shows that the testing sensitivities for m H ≤ 2M W are all similar, while that of m H = 300 GeV is much higher due to the s-channel resonant production. At the 1 TeV ILC and the 3 TeV CLIC, the s-channel resonance effect is not so significant after imposing the cuts, and the sensitivities for m H = 115 − 300 GeV are all similar. The obtained number of events and the 
If one can tune the energy of the ILC, it will be optimal to make E γγ peak at the resonant energy.
For instance, for m H = 300 GeV, we can tune the e + e − energy to √ s ee = 380 GeV to have E γγ to peak at 300 GeV. In this case, the 5σ sensitivity is [cf. Eq. (28)] −0.00012 TeV −1 < g Hγγ < 0.00030 TeV −1 .
As for the process γγ → W W W W , the 500 GeV and 1 TeV ILC cannot deliver large enough signal rates due to phase space suppression. At the 3 TeV CLIC however, the γγ → W W W W process becomes interesting. We have also developed certain kinematic cuts to suppress the SM background [cf. 
